During the last few years generation from renewable energy sources (RESs) has grown considerably in European electrical networks. Transmission system operators are greatly concerned about the impact of RESs on the operational security and efficiency of their networks and more in general of the ENTSO-E interconnected system. Grid codes are to be revised in order to harmonise the rules regarding the connection of RES power plants. A main issue concerns frequency control: frequency is greatly affected by RESs intermittency and its deviations must be limited as much as possible in order to guarantee a suitable level of power quality. To improve frequency stability, in the future, Grid codes could extend frequency control requirements also to RES units, whereas today they are applied only to conventional power plants. Energy storage systems can be a possible solution to increase the flexibility and performance of RES power plants: they allow generators to modulate their power injections without wasting renewable energy. In this paper, the authors studied the suitability of extending frequency control to RES units integrating them with energy storage systems. In particular, the paper focuses on the impact of frequency control on the storage lifetime by analysing the power charge/discharge in response to real frequency oscillations.
Introduction
Renewable Energy Sources (RESs) are essential in the perspective of a green, fully sustainable, and energetic approach. However, a high RES penetration introduces technical issues and challenges many aspects of the operation of power systems (e.g., power quality, system reliability and safety, and control and protection strategies) [1] . Distributed generation (DG) is not dispatchable like conventional generation and does not provide any ancillary service to the system; therefore, a large amount of DG stresses the power system operation, bringing it closer to the stability margin. In particular, the higher the percentage of DG is, the lower the reserve for the primary frequency regulation becomes. This fact is highlighted by Figure 1 , which shows the primary frequency regulation reserve in the Italian electrical system: in the last four years the increase of RES generation has caused the reserve to decrease up to 20-25% (e.g., for the year 2012 a primary reserve equal to 500 MW corresponds to a duration time, the grey dashed line in Figure 1 , which for the year 2008 had been characterised by a reserve power of 600 MW).
Storage apparatuses could be a challenging option in order to cope with the problem; that is, they could be adopted to mitigate the frequency fluctuations in order to guarantee adequate power quality and security of supply levels [2] .
Concerning ancillary services support, RES power plants connected to the medium voltage (MV) and low voltage (LV) distribution system do not allow an easy and feasible remote controllability; the installation of a proper communication system may require long-term investments and large amounts of capital. Nevertheless, focusing on the primary frequency regulation, one way to address this issue over a short time period is to adopt a local frequency control that exploits the frequency measurements at the DG's point of common coupling (PCC), as a feedback of the status of the system; reacting to this signal DG could make a power margin available to restore the power imbalance. It means an exploitation of local measurements to solve a global issue.
Actually, the problem is well known and deeply investigated in the literature, from the regulatory, technical, and economic point of view: [3] reports an international overview of the already in place practices concerning ancillary services, and [4, 5] evaluate the possible integration of these services in the liberalised market structures. References [5] [6] [7] deeply investigate the market and policy barriers/opportunities in order to manage effectively the ancillary services, exploiting also the possible contribution of passive users (i.e., demand side management functions). The goal of this paper is to focus on the DG role with respect to ancillary services management, with particular reference to the primary frequency control. Figure 2 depicts the distribution of DG power plants connected to the Italian system, according to RES and size; there is clear evidence that the exploitation of the Photovoltaic (PV) renewable source is usually performed by small-size power plants (lower than 50 kW) connected to the MV and LV distribution system. In 2012, the total amount of PV generation in the Italian system was about 16 GW [9] .
In order to achieve suitable network reliability, in the future DG will have to provide the primary frequency regulation service. If a retrofit of all PV power plants already in place in Italy were put in place (16 GW) , by making available, for example, 3% of the rated power for the regulation, it would be possible to recover 480 MW of primary frequency reserve. This way a proper regulation capability would be reestablished and the system stability during frequency oscillations would be considerably improved.
Generally speaking, a key factor involves the metrics designed in order to define planning and operational requirements in an electric power system characterised by high penetration of RESs [10] .
In this scenario, an effective solution could be to integrate energy storage systems (ESSs) into DG power plants: ESSs could improve the frequency regulation ensuring the energy needed by the frequency control. Furthermore, ESSs cope better with frequency control because they exhibit a rapid active power response; so they are ideal to compensate the generation rate constraints of slower generators and the fluctuations produced by RESs.
Electric energy can be stored electromagnetically, electrochemically, kinetically, thermally, or as potential energy. Two factors characterise the application of an energy storage technology: one is the amount of energy that can be stored in the device and the other is the rate at which energy can be transferred into or out of the storage device. These factors are mainly determined by the characteristics of the ESS itself [1, 11] . The primary frequency control service provided by an integrated system of DG and ESS requires "power performances" to make energy available over a short time period (i.e., a high ratio between the power injected and the energy stored).
The basic issues regarding storage technologies consist of the cost of these technologies, and their operational and maintenance requirements [12] . Since a large-scale ESS is rather expensive, defining requirements for the frequency control service can become a critical issue; it is also evident that the application should be tailored to minimise the ESS size needed.
Another important issue regarding the ESS is the state of charge (SoC) control. It can be shown that the ESS can easily be depleted or overcharged if no additional control actions are performed [13] .
The converter adopted for the connection of the ESS to the network plays a key role in the definition of the power set-point needed for the frequency regulation. Different bidirectional converter structures are reported in the literature, while the control methods make the difference in the ESS's dynamic performances [14] . New DG units, mainly PV and wind generators, are usually coupled with the ESS by means of a DC-coupled system. In this structure, the power plant and the storage are connected to a common DC bus (called DClink) by proper DC/DC converters; the system is interfaced to the AC network through a common DC/AC inverter. This is the simplest and cheapest solution for the integration of the ESS, because it requires the minimum number of converters and therefore the minimisation of the power losses. On the contrary, in an AC-coupled system, the generator and the ESS are connected at the AC level, requiring a DC/AC inverter and a DC/DC converter for each component; therefore, this scheme implies higher investments and operational costs.
In the Italian framework, technical regulations already proposed a contribution of DG power plants to ancillary services (CEI 0-16 [15] ). In particular, some issues, such as the low voltage fault ride through and the reactive power modulation, are mandatory; others, such as the contribution to the frequency regulation, are at present being defined (several consultation processes are ongoing). In order to develop an effective technical regulation, it is increasingly important to develop realistic analyses concerning the ancillary services requirement for the electric grid and the impact of the ancillary services support on the DG. This paper focuses on the latter point: in particular the integration of an ESS in a PV power plant and the impact of the frequency regulation on the storage device are evaluated. The final goal is to provide realistic data useful for the ESS design. The paper is structured as follows: Section 2 investigates the primary frequency regulation concept; Section 3 describes the proposed control scheme and the ESS sizing; the study case for the numerical analysis and the test results are described in Section 4; and, finally, proper conclusions are reported in Section 5.
Primary Frequency Regulation Proposed for DGs Coupled with ESS
Power system generation portfolios are changing rapidly, and the inertial and dynamic characteristics of many new sources of electric generation differ from those of the past. The lack of predictable and controllable energy sources, together with the different operating characteristic of DG power plants with respect to their inertial response, poses challenges to transmission system operators (TSOs) trying to control system frequency [16] . In order to address the need to include DG power plants, mainly connected to distribution networks, in the primary frequency control system, the ENTSO-E grid code [17] suggests the primary frequency regulation strategy reported in Figure 3 : the real power is modulated as function of the frequency deviation from the nominal value. The curve is characterised by the following parameters.
(i) Frequency response deadband: the real power is not modulated in the case of small frequency deviations from the nominal value.
(ii) Droop control: during underfrequency deviations the generator has to provide a positive real power output change according to a droop strategy and, on the contrary, during overfrequencies a negative power change has to be provided.
(iii) Maximum power capability: the maximum power that the generator is capable of providing.
The proposed scheme represents a local strategy for primary frequency regulation, which is possible only by measuring the frequency oscillations at the PCC. It is important to point out that, in the perspective of each single generation unit, the primary frequency service does not require a large amount of energy/power; the grid code prescriptions typically range from 1.5% to 3% of the generator rated power, over a time ranging from 15 minutes to 1 hour. The real power frequency response is activated as fast as technically feasible, with an initial delay that is as short as possible (this delay will be reasonably justified to the TSO, if greater than 2 seconds). The maximum time of full activation has to be 30 seconds.
It is worth noting that, from the main grid perspective, the collection of the regulating contribution from all the generating units provides a significant amount of power, useful to guarantee the system stability and security.
In this work a mathematical model of an ESS integrated in a PV plant is developed and connected to a simplified test network. A combination of static devices and ESSs has been proposed; proper control strategies are necessary in order to achieve full benefits from these technologies. A real frequency oscillation is superimposed on the model. The output of the simulation represents the behaviour of the single storage module in response to the frequency regulation.
The approach proposed is based on the assumption that, locally (i.e., for each DG unit), the frequency control support (i.e., rated at 1.5%-3% of the generation unit nominal power) could be provided by exploiting the ESS; in particular, technically speaking, the same prescriptions already in place for conventional power units have been assumed. In such a way, the main grid behaviour is not supposed to change; that is, an increase in DG penetration, replacing the conventional power plants, could be effective thanks to maintaining the same ancillary service support we had in the past.
Storage Integration Control Scheme
In this study RMS simulations are carried out considering the dynamic model, built in the DIgSILENT PowerFactory software environment, reported in Figure 4 . The model is a DC-coupled system and operates in a grid-connected mode.
The PV and the ESS are connected to a simplified MV distribution network through an MV/LV transformer (INVERTER-Trafo) and a DC/AC converter (INVERTER) in a grid-following mode operation; therefore, the model requires a main grid as frequency reference for the control of its outputs.
In the configuration, the PV system, the ESS, and the AC network are connected to the DC-link by means of appropriate converters, in order to match the PV and ESS voltages and to control the AC side independently. The PV system is connected to the common DC bus through a DC-DC converter (maximum power point tracking (MPPT) converter) to ensure the optimal power exchange; whereas the ESS is connected using a bidirectional DC-DC converter (ESS converter) to guarantee the charge and discharge of the storage device.
In the following the functions of each component presented in the scheme are listed.
(i) The PV system injects a constant power equal to its own optimal power ( MPPT ).
(ii) The MPPT converter controls the voltage of the PV system PV at its own MPPT.
(iii) The INVERTER controls the real power AC and reactive power AC injected at the AC side.
(iv) The ESS converter controls the voltage at the DC-link ( DCLink ) in order to set the power balance at the DClink (1).
(v) The ESS injects/absorbs the power required to match the power balance at the DC-link according to the ESS converter control.
The power balance equation at the DC-link is
where PV is the power produced by the PV system (controlled to a set-point equal to the MPPT power MPPT ); ESS is the power absorbed by the ESS; AC is the power injected to the AC network by the inverter; is the capacitance of the DC-Link; and DCLink is the voltage measured at the DCLink. The PV power is assumed constant and represents an external and noncontrollable value of the power balance equation. The injected power AC is determined by the PV power PV and the power required for the frequency control. Since PV and AC are external inputs in (1), the power provided by the ESS ESS is exploited to compensate the power mismatch between the PV production and the injection to the AC side.
On the basis of the aforementioned functions, a numerical model of the proposed system has been developed and the control laws of each converter are defined. For this purpose, the following assumptions are considered:
(i) all converters are ideal (losses are not modelled); (ii) static switches commutation is not modelled and only a model at fundamental frequency is taken into account (assumption in accordance with the RMS dynamic); (iii) the DC-link capacitor is modelled as an ideal capacitance (the losses and the auto-discharge phenomena are not considered); (iv) the ESS is modelled as a passive first order dynamic model; (v) the PV power plant injects a constant power.
In the following sections a detailed description of each component is given.
PV System.
The PV system is modelled as a constant DC current source with a parallel internal conductance. During the simulation the current source injects a constant current and the PV voltage is controlled by the MPPT converter to meet the optimal power injections of the PV.
MPPT Converter.
The MPPT converter is a DC-DC converter that regulates the PV voltage to its MPPT set-point MPPT . In this way it is possible to extract the maximum power available from the PV power plant ( MPPT ) and at the same time to decouple the voltage PV and the DC-link voltage DC-Link . The control is achieved by means of a PI regulator. The output of the regulator is the ratio, used as control variable for the MPPT converter:
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INVERTER.
The system is connected to the AC network through an AC-DC inverter (INVERTER). This device provides an interface to the ESS and the PV system for real and reactive power exchanges with the power system. The INVERTER is an ideal, lossless, PWM converter modelled as a DC-voltage controlled AC-voltage source:
where AC is the AC voltage phasor, DC-Link is the voltage at the common DC bus, and mr and mi are the pulse modulation factors on the real and imaginary axes. If a -reference-system fixed to the AC voltage phasor is introduced, a decoupled -control can be obtained (as detailed in [18] ). This way the real power AC is determined only by the current component AC , whereas the reactive power AC is determined only by the current component AC ; AC and AC can be controlled independently. The control scheme adopted for the inverter is shown in Figure 5 .
Two control loops are employed by the INVERTER in order to control the real and reactive power injected at the AC side:
(i) the outer loop controls AC and AC by defining the current set-points AC -ref , and AC -ref ;
(ii) the inner loop controls AC and AC by defining the pulse modulation factors m and m used by the PWM technique of the inverter.
The outer control loop employs slow bandwidth PI regulators, whereas the PI regulators of the inner loop are usually designed to achieve faster bandwidths [19] . Propertransformations ( -to -) and antitransformations ( -to -) are adopted to compute AC , AC , mr , and mi ; a phase lock loop (PLL) is exploited to measure the angle of the AC voltage that is necessary for the axes transformations.
The overall control has three operational objectives:
(i) to perform the normal inverter operation by injecting the power produced by the PV system ( MPPT );
(ii) to provide the primary frequency control using a droop control;
(iii) to maintain the state of charge (SoC) of the ESS to a predefined value (by means of the SoC restoration function).
The inverter controls the real power AC with the following set-point:
The reactive power is forced to zero (the system injects power at power factor equal to one). The set-point ACref of (4) is represented in the block scheme of Figure 6 .
(i) MPPT is the MPPT power of the PV system; this is the power injected by the inverter during normal conditions (i.e., with no frequency oscillations or critical conditions for the ESS's SoC);
(ii) is the power change due to the frequency deviation Δ with respect to the nominal value (Δ = − ) computed according to the local strategy of Figure 3 , where:
(a) max : maximum power capability available for the control, (b) deadband: frequency range of no power modulations, (c) droop: slope of the section of the curve with power modulation (Δ /Δ ratio).
(iii) DP refESS is a set-point component which leads to the restoration of the SoC of the ESS at the nominal value according to the SoC restoration function, as explained in the next section.
(iv) is the flag for the selection among the and the DP refESS set-points; in particular it disables the frequency control enabling the SoC restoration function or vice versa according to the SoC and frequency oscillation entities.
SoC Restoration Function.
In order to operate the system, the charging level of the ESS has to be regulated not to exceed its operational range, that is, not to hit the maximum/minimum allowed SoC. Reference [20] demonstrates the impact of the SoC restoration function on the ESS design and operation, and in particular it shows that the ESS capacity can be reduced by a high recharge percentage available for this function. In the work proposed, an SoC restoration function has been introduced in the control to keep the SoC of the storage within its proper range while the storage provides the frequency regulation service. The SoC restoration function is activated during small frequency oscillation periods without a degradation of the system frequency quality. To this purpose, the additional charging reference DP refESS to the AC power set-point (as depicted in the block diagram of Figure 6 ) is introduced. The implemented SoC restoration function has the following characteristics:
(i) it reestablishes the target SoC (50%) when the frequency is inside a noncritical window (i.e., the deadband);
(ii) it uses a small recharge power (a few percentage of the rated power);
(iii) if the storage reaches the SoC limits, the function is activated no matter what the frequency value is.
The target level of the SoC is assumed in a range between the maximum SoC limit (80%) and the minimum SoC limit (20%) in order to keep a proper charging reserve for facing both overfrequency (ESS absorption) and underfrequency events (ESS injection).
The flag of (4) allows the activation of the SoC restoration set-point as an alternative to the frequency control set-point . In order to define it, the ESS saturation flag
ESSSat is introduced as follows:
The ESS is modelled as an -series and its voltage ESS is the variable directly linked with the SoC: when the maximum SoC limit is reached the maximum voltage limit ESS max is also reached, and when the minimum SoC limit is reached the minimum voltage limit ESS min is also reached. Therefore, ESSSat is enabled when the ESS is completely charged (maximum SoC) or discharged (minimum SoC) and it cannot make available energy for the primary frequency control. A temporal hysteresis of 10 s is introduced for the activation and deactivation of this functionality in order to prevent instability. Based on (5), the flag is defined as follows:
Equations (5) and (6) allow the attainment of the aforementioned SoC restoration function. As shown in the block diagram of Figure 6 , the set-point DP refESS is generated by a PI regulator; this component is limited to the value DP max , which is much lower than that of max , and it has no significant effect on the frequency oscillations. Finally, in order to prevent important contingencies, that is, events driving a significant frequency deviation, from overcharging the ESS thereby causing fast SoC variations, upper and lower bounds to the power output ( max and min in Figure 3 ) have been introduced; vice versa, the SoC restoration function does not directly manage these events.
This issue is not considered critical, in fact, severe contingencies are events with a low probability and, in modern power systems, are managed collecting the regulating contributions from all the resources available or by specific functions (e.g., emergency condition load shedding). Actually, the proposed DG and ESS coupling would respond like a conventional power plant, supporting the system up to its capability limits, max and min .
ESS Converter.
The ESS Converter is a bidirectional DC-DC buck-boost converter, which controls the DC-Link voltage by charging and discharging the ESS module. The converter is controlled varying the duty ratio by means of a PI regulator. The primary objective of the control of the ESS Converter is to maintain the power balance at the DC-Link (1) by means of the energy stored in the ESS.
The DC-link voltage DCLink is compared with the reference DCLink-Ref and the error is taken into a PI regulator that outputs the reference current DC-Link , which is absorbed at the DC-link by the converter (Figure 6 ) [19] . During the boost mode the ESS provides energy to the DC-link, whereas in the buck mode the ESS is charged in order to compensate the power mismatch between the real power output of the INVERTER and the PV system.
The model is completed with the power balance equation
where ESS and ESS are the voltage and current measured at the ESS bus; DC-Link and DC-Link are the voltage and current measured at the DC-Link; and is the duty ratio of the ESS converter. During underfrequencies, the INVERTER injects in the network an amount of power equal to MPPT + with positive (obtained by the primary frequency control curve); since MPPT is supplied by the PV system, is delivered by the ESS. On the contrary, during overfrequencies is negative and the ESS is charged.
ESS Model.
The ESS is modelled through an ideal capacitance and an equivalent series resistance; the dynamic model is:
where is the resistance of the ESS model; is the capacitance of the ESS model; and is the voltage of the capacitor ESS .
For the purpose of the analysis, a simple ESS model is adopted and fixed values of and are considered. It is not easy to develop a general model of ESS technologies used for power applications. For instance, the existing models in the literature for chemical battery technologies are generally complicated to set up because of their relative complexity (several parameters to be determined [21] ); so a simple first order dynamic circuit is considered appropriate to model the charge and discharge phenomena of the ESS. As mentioned above, the voltage ESS represents the SoC of the ESS: when the ESS injects power to the DC-link (discharge phenomena) the voltage decreases, on the contrary in the case of power absorptions (charge phenomena) the voltage increases. The ESS voltage will drop to zero when all the stored energy is supplied; in the same manner it will go to overvoltage values when a big amount of energy is absorbed. These two border operational points will affect the stability and the efficiency of the operation of the ESS converter and the performances of the ESS module; therefore, a lower limit ESS min and an upper limit ESS max are introduced in the model.
Study Case
In this section, the approach proposed is evaluated on a realistic grid model. In particular, the dynamic model of an ESS coupled with a PV system is exploited to study the effect of the primary frequency regulation on the ESS. To this purpose, dynamic RMS simulations are carried out. In the model, the PV system injects a constant amount of power, whereas the ESS injects/absorbs power according to the control strategy of Figure 3 . The behaviour of the ESS is analysed by evaluating its response to a real one-day frequency oscillation of the electric system. With this aim, the external grid, modelled as an ideal voltage source, is used to impose a standard one-day frequency oscillation of the ENTSO-E system. The frequency oscillation is represented by a signal of 86400 samples, with a resolution of one sample per second. It is computed starting from data available in [22] , where the frequency in the synchronous grid of Continental Europe is measured online. The maximum error of the frequency measurement is defined by the ENTSO-E (10 mHz). The error of the measurement under consideration is below 1 mHz, at a frequency of 50 Hz, which corresponds to an accuracy of 0.002%. The one-day frequency oscillation is depicted in Figure 7 .
The frequency oscillation vector is computed to obtain the probability density function (PDF), reported in Figure 8 . In the same graph the deadband and the maximum deviation Δ max of the frequency control strategy are shown. 97% of the frequency samples fall inside the Δ max = 50mHz, whereas 61.1% of the oscillations is inside a deadband equal to 20 mHz. Adopting this setting, more than half of the frequency oscillations does not cause any power modulation (samples inside the deadband); on the contrary, only 3% of the frequency oscillations exceed the Δ max causing a saturation of the control.
The main observation from a study of the data is that the frequency quality in ENTSO-E is maintained very well. Most of the time (61.1%), the frequency in ENTSO-E stays within the deadband (which is considered as a noncritical window). There are only few frequency excursions outside of ±50 mHz per day. A frequency deviation of ±200 mHz was never reached throughout 2005 [20] . High and low frequency deviations are symmetrical over a long period (24 hours). In the short term, however, there are many deviations and they are not necessarily balanced. They can occur at random points in time with random amplitude and random repetition.
Network Data and Component Sizing.
In this section the network data and sizing of components are reported. Typical parameters and standard sizes of the components for this use are adopted. In the following, a list of parameter values adopted for the model is given. (it represents a real one-day frequency oscillation, as described in the following). (v) Data of other elements connected to the AC network are not significant for the purpose of the study.
AC Network

Local Control Strategy for Primary Frequency Regulation
(i) Droop = 2%.
(ii) Deadband = 20 mHz.
(iii) max = 3%.
The set-point component DP refESS related to the SoC restoration function can assume a maximum value DP max of 2.5 kW. The values of droop, deadband, and DP max are not imposed by any prescription but they are only adopted as reference settings for the numerical simulation; these settings are changed during the analysis in order to estimate the behaviour of the ESS for different control laws.
DC-Link
(i) 700 V rated voltage.
(ii) = 30 mF.
PV System
(i) 1000 V rated voltage.
(ii) 200 kW constant power injections equal to the MPPT.
ESS.
The ESS capacity is modelled by following the ENTSO-E prescriptions related to the primary frequency control: the storage has to provide the maximum capability 
The ESS has to provide the amount of energy of (9) during both a charge and a discharge phenomenon. During the steady-state (constant frequency), the power modulated by the ESS is zero and it should stay at an optimum SoC value in order to guarantee maximum energy both during underfrequency and overfrequency; this optimum value is 50%. It is also assumed an ESS operational range between 20% and 80% of its capability, that is, a 20% margin with respect to a complete charge and discharge. The energy corresponds to the available band of the SoC between the optimum value and the maximum/minimum limit, and therefore it is 30% of the theoretical ESS capability. As a consequence of this, the maximum capability of the ESS should be max ESS = 22.5 MJ. Considering a rated voltage of the ESS ESS = 1000 V (related to a SoC = 100%), the minimum capacity ESS necessary to satisfy the energetic requirement is ESS = 45 F. The minimum suitable capacitance results to be a realistic size for a supercapacitor storage technology; it can be attained by commercially available sizes. Therefore, the series resistance value adopted for the ESS model is set equal to a value of the commercial supercapacitor (1 mΩ) [23] .
At this point it is necessary to compute the voltage ESS related to each of the aforementioned SoC values; the voltage ESS related to a generic state of charge SoC (the latter expressed in %) is
(10) Figure 9 shows the ESS voltage corresponding to a generic SoC value. In particular, the voltage corresponding to a SoC = 50% is 707.1 V (0.7071 p.u.), which corresponds to the optimum SoC to guarantee a proper energy margin for the frequency regulation service. A discharge from 50% to 20% of the SoC implies a voltage decrease from 707.1 V to 447.1 V; vice versa, a charge cycle to reach the upper SoC limit of 80% entails a voltage increase to 894.4 V.
Converter Control Parameters.
Proper settings of PI regulators of each static converter are defined in order to satisfy the dynamic requirements of the primary frequency control service. The main dynamic performances according to the ENTSO-E grid code are (i) to provide 100% of the required power within 30 seconds,
(ii) to provide 50% of the required power within 15 seconds.
In Table 1 the control gain and the time constant adopted of each PI controller are reported.
Numerical Analyses.
Several dynamic simulations were carried out considering different settings of the frequency control strategy (droop and deadband) and different parameters of the regulator's converters ( and gains of the INVERTER outer loop and the DP max power available for the SoC restoration function). The modified parameters are reported in Table 2 , whereas the rest of the parameters are set to the values reported in Section 3. The aim of the simulation is to verify: (i) the impact of the primary frequency regulation on the ESS and (ii) how this effect varies based on the settings.
On the basis of the settings of Table 2 , the probability of the frequency oscillations being within the deadband and Δ max of the frequency control curve is computed (as reported in Table 3 ).
During the 24 h simulation the inverter reads the frequency oscillations and modulates the real power on the AC side AC according to the frequency control strategy. The real power required for this service is absorbed/injected by the ESS connected to the DC side of the inverter, while the PV system injects a noncontrollable and fixed power.
In order to evaluate the impact of the regulation on the ESS, the power delivered by the ESS is elaborated and the following energetic indices are computed (they represent the energetic response of the ESS to frequency oscillations).
(i) ch : the total charge energy of the ESS.
(ii) dis : the total discharge energy of the ESS.
(iii) : the total energy of the ESS.
(iv) mch : the energy margin with respect to the maximum availability max during the charge phase.
(v) mdis : the energy margin with respect to the maximum availability max during the discharge phase.
(vi) ℎ ch : the equivalent hours at the maximum capability max during the charge phase. (vii) ℎ dis : the equivalent hours at the maximum capability max during the discharge phase. (viii) ch : the equivalent number of complete charge cycles.
(ix) dis : the equivalent number of complete discharge cycles.
The real power delivered by the ESS in compliance with the frequency control strategy of Set 1 is shown in Figure 10 , while Figure 11 reports the zoom of the power absorbed by the ESS. The two power limits 1 and 2 of the control strategy are highlighted: the former is activated when the maximum power capability available for the frequency control max is reached (7.5 kW) and the latter is activated by the SoC restoration function when the frequency oscillations are within the deadband (2.5 kW). The voltage of the ESS is shown in Figure 12 ; it can be noticed that during the one-day power modulation the maximum voltage limit (0.849 p.u.) is reached and the saturation flag ESSSat of the SoC restoration function (5) becomes zero.
In Table 4 , the equivalent charge/discharge cycles of the ESS are reported for each of the settings of Table 2 .
The index ch is exploited for a comparative analysis of the results obtained by the different settings; this index is directly connected to the energy adopted for the frequency regulation. On the basis of the results of Table 4 , it can be The SoC restoration function also affects the energy involved by the ESS: when it is disabled (from Set 1 to Set 8) the number of equivalent cycles ch decreases (from 5.645 to 3.109) and the ESS is less stressed for charge/discharge cycles; nevertheless, the SoC is not under control and the energy availability for the primary frequency regulation can be compromised. Furthermore, different dynamic responses of the inverter control are tested by acting on the and gains of the outer loop of the INVERTER. By speeding up the control performances (from Set 1 to Set 6) or slowing down the transient response (from Set 1 to Set 7), the number of equivalent cycles ch does not significantly change. It means that the dynamic performances of the control do not affect the ESS energy modulation and lifetime. In Table 5 , the time periods in which the ESS reaches 100% and 50% of maximum capability max are reported.
In addition to the energetic indices computed by exploiting the power ESS , the voltage oscillations at the -system ESS are analysed in order to evaluate the SoC behaviour during the primary frequency control for each of the settings under study. The minimum value, maximum value, mean value, and standard deviation are reported in Table 6 ; the monitoring of the voltage ESS is very important to supervise the state of the ESS and the availability of energy for the frequency regulation service. The red cells indicate that the maximum or minimum SoC are reached and that the ESS is not able to provide the amount of energy required for the service. The results show that in almost all cases the SoC limits of 20% and 80% are reached, and only in the cases in which the ESS is less stressed the SoC does not saturate, that is, with large deadbands (Set 3) and high droops (Set 5). Table 7 reports for each setting the percentage of samples in which ESS exceeds the maximum and minimum thresholds. In the settings with the highest energy involved (Set 2 and Set 4), the number of violations is higher than 2%. In Set 8 the SoC restoration function is not activated and the voltage reaches the minimum value for the highest amount of time (10.69%); this demonstrates the usefulness of an SoC restoration function.
By comparing ch and dis it can be concluded that, on the basis of the parameters of Set 1, the primary frequency control requires a similar amount of energy both during the charging and the discharging processes. The energy margins mch and mdis are quite high and the equivalent hours in the one-day simulation ℎ ch and ℎ dis are lower than 3 h (Set 1, Table 4 ): it means that many partial charge and discharge cycles occur. As a consequence of this, and considering an operative range of 20%-80% of the SoC, 5.645 and 5.549 equivalent charge and discharge cycles per day are completed. The available storage solutions can manage 5000 charge and discharge cycles, which means that if they are employed for this application they last 2.4 years. The setting values also play an important role in the amount of energy involved by the ESS: the system lifetime can be even lower if the ESS is more involved in the service; on the contrary, it could be higher but paying with lower regulation performances. The ESS lifetime comparison for each simulation setting is reported in Table 8 . This application may have an important impact on the storage life duration. Therefore, the simulation outcomes ch and dis are useful for an economic and technical evaluation of the ESS sizing. Anyway, a suitable trade-off between the frequency regulation service and the ESS costs is needed. Finally, a stability issue is worth noting for electric grids characterised by a decentralised control of a large amount of DG. Reference [24] demonstrates that DGs may start interacting with each other and/or with conventional power plants, leading to small-signal instability problems, but these phenomena are limited to electrically close generators. To ensure stability of future distribution systems, new centralised and decentralised control schemes will be required. One of the possible solutions for the short-term scenario is to introduce a time-constant decoupling between conventional power plants and DG; in particular, as in the work reported in this paper, exploiting the fast dynamic of the ESS in order to perform frequency control faster. As detailed in Table 4 , such a solution does not significantly affect the ESS energy modulation and lifetime. Moreover, in order to avoid DG oscillations, DSOs (distribution system operators) will have to technically check the local distribution grid in order to avoid the connection of ESSs electrically close to each other.
Conclusion
The provision of an adequate power reserve through DG power plants and ESSs is important for a secure network: it allows TSOs to keep the power system load and generation always balanced, avoiding/limiting frequency deviations from the rated value.
This work explores the effect on the ESS related to the frequency control to be extended to renewable DG units so that they can provide the frequency regulation service like a conventional generator.
The study also shows that the control settings are other important parameters that contribute to the ESS performances and lifetime duration. The results of the numerical simulations show that charge/discharge frequency, expressed as number of daily equivalent charge/discharge cycles, can be relatively high in this application and, hence, the service means the apparatus involved has a relevant effect in terms of lifetime, maintenance, and operation costs.
The control scheme considered introduces the SoC restoration concept to restore the optimal energy state of the ESS. The SoC restoration function makes a compromise because it deteriorates the ESS lifetime in order to guarantee a full utilisation of the ESS capacity for the frequency regulation service.
Finally, note that this paper focuses on the impact of the frequency regulation service, which could become a mandatory task for all power plants to the ESS and on how its control should be designed. Hence, this paper could be useful to provide the engineering data needed for the economic assessment of deploying such an ESS in practice for network service applications.
